The glucoamylase-encoding gene (glaB) promoter should be very useful for recombinant protein production in solid-state fermentation (SSF) of Aspergillus oryzae. A 97-bp fragment containing the cis-element of the glaB promoter was inserted into the glaA promoter, which was little expressed in SSF. The chimeric promoter showed about a 24-fold increase in promoter activity in SSF. Eight copies of the 97-bp fragment were tandemly fused with the glaB promoter. The improved promoter showed about a 4.6-fold increase in promoter activity in SSF. The glaB gene was overexpressed under control of the improved glaB promoter in SSF. Recombinant glucoamylase production reached about 1524 mg/kg-broth for 2 d. The improved glaB promoter should be very useful for overproduction of a recombinant protein in SSF of A. oryzae.
The filamentous fungus, Aspergillus oryzae, is utilized in traditional Japanese sake, miso, soy sauce, and mirin manufacture. 1) It is subjected to solid-state fermentation (SSF) using steamed rice for production of various useful enzymes and metabolites.
2) Recent genetic recombinant technology has enabled useful proteins to be produced in A. oryzae, which is generally recognized as safe (GRAS). 3) Various recombinant proteins such as the acid protease of Mucor miehei have been produced industrially in submerged fermentation of A. oryzae. 4) Many studies have focused on efficient recombinant protein production in submerged fermentation of A. oryzae using various strong promoters, amyB, 5, 6) glaA, 7) agdA, 8) TEF1, 9) xynF1, 10) the tannase gene, 11) No. 8 AN, 12) gpdA, pgkA, enoA, 13) melO, 14) sodM, 15) catA, 16) and catB. 16) On the other hand, little attention has been directed towards efficient recombinant protein production in SSF of A. oryzae, although SSF of A. oryzae often leads to higher yields of proteins than submerged fermentation.
Recently glaB encoding glucoamylase was found to be expressed specifically in SSF of A. oryzae.
17) The glaB promoter (1,128 bp) was highly expressed in SSF, and deletion of up to 355 bp of the glaB promoter led to the same expression profile as that of up to 1,128 bp in SSF. 18) Moreover, there was a functional element between À350 and À324 in the glaB promoter. In spite of detailed analysis of the glaB promoter, it is little used for recombinant protein production in SSF of A. oryzae.
A recent study showed that the promoter activity of the -glucosidase-encoding gene (agdA) was greatly increased by the introduction of multiple copies of functional elements (Region III).
19) The recombinant technique should lead to improvement in the glaB promoter for more effective recombinant protein production in SSF of A. oryzae.
Here we report improvement of the glaB promoter and efficient recombinant protein production in SSF of A. oryzae using the improved glaB promoter.
Materials and Methods
Strains, plasmids, and culture media. The A. oryzae niaD mutant (AON-2) isolated in our laboratory was used throughout the transformation experiments for GUS reporter assay and recombinant protein production. pNIA2, a 7.7-kb plasmid, carrying the 4.5 kb PstIHindIII fragment of the A. oryzae niaD gene 20, 21) (DDBJ/EMBL/GenBank no. D49701) in pUC119 (Takara Bio, Kyoto, Japan) was used for transformation of the A. oryzae AON-2 strain. A 1.0-kb SalI-XhoI fragment of the A. oryzae glaB terminator (DDBJ/ EMBL/GenBank no. AB007825) was inserted in the SalI site of pNIA2 to yield pNB, and a 2.0-kb SalI-XhoI fragment of the E. coli uidA gene (Stratagene, CA, USA) was inserted in the SalI site of pNB to produce the pNBG used for a GUS reporter assay. E. coli JM109 (Takara Bio, Kyoto, Japan) and the pUC plasmids were used for DNA manipulation. Submerged fermentation y To whom correspondence should be addressed. 0 ) with the italic additional SalI were subcloned into the PstI and SalI sites of pNBG to produce pNBGB and pNBGA respectively. Double strands of the 27-bp (À350 to À324) fragments in the glaB promoter were synthesized with Oligodeoxyribonucleotide 5 (5 0 -GTGAGAACTAAGA-GAATGGCGGCACGGGC-3 0 ) and Oligodeoxyribonucleotide 6 (5 0 -ACGCCCGTGCCGCCATTCTCTTAGT-TCTC-3 0 ) with italic additional 2 bp for ligation in the same direction, whose 5 0 -ends were phosphorylated. They were subjected to reaction with T4 DNA ligase (Takara Bio, Kyoto, Japan) followed by reaction with T4 DNA polymerase (Takara Bio). The blunted polymerized fragments were subcloned into the blunted PstI site of pNBGB, and 11 copies of fragments of the 27-bp fragments were subcloned into pNBGB to produce pNBGB-27.
Fragments of 97-bp (À350 to À254), 62-bp (À350 to À289), and 27-bp (À350 to À324) in the glaB promoter were inserted by the combination PCR method between À206 and À205 of the glaA promoter (À1107 to À1), and the resulting chimeric promoter fragments were subcloned into the PstI and SalI sites of pNBG to produce pNBGA-97, pNBGA-62, and pNBGA-27 respectively.
The 97-bp fragment (À350 to À254) in the glaB promoter was amplified with Oligodeoxyribonucleotide 7 (5 0 -AACTGCAGGTCGACGAGAACTAAGAGAAT-GGCGG-3 0 ) with italic additional PstI and SalI sites and Oligodeoxyribonucleotide 8 (5 0 -AACTGCAGCT-CGAGATGCAGCGTGGCGGATCCAA-3 0 ) with the italic additional PstI and XhoI sites. The 97-bp PstI fragment was subcloned into pUC118 to produce p118-1, and the 97-bp SalI-XhoI fragment was subcloned into the XhoI site of p118-1 to produce p118-2. The SalIXhoI fragment of p118-2 was subcloned into the XhoI site of p118-2 to produce p118-4, and the resulting SalIXhoI fragment of p118-4 was subcloned into the XhoI site of p118-4 to produce p118-8. Two, four and eight copies of the 97-bp fragments from p118-2, p118-4, and p118-8 respectively were subjected to PstI digestion and subcloned into the PstI site of pNBGB to produce pNBGB-2, pNBGB-4, and pNBGB-8 respectively.
Construction of the glaB gene expression plasmid under control of the improved glaB promoter. The glaB promoter (À350 to À1) and glaB ORF (1,587 bp) were amplified by PCR with Oligodeoxyribonucleotide 1 and Oligodeoxyribonucleotide 9 (5 0 -ACGCGTCGACCTAC-CACGACCCAACAGTTGGGG-3 0 ) with italic additional SalI site, and the amplified fragment was subcloned between the PstI and SalI of pNB to produce pGNB. The 0.8-kb PstI fragment of p118-8 was inserted in the PstI of pGNB to yield pGNB-8.
-Glucuronidase assay. The cells obtained from submerged fermentation and the broth from SSF of A. oryzae were frozen with liquid N 2 followed by disruption with a mortar. The cell-free extracts were suspended in 10 mM sodium acetate buffer (pH 5.0), and the supernatants were subjected to -Glucuronidase assay. -Glucuronidase activity was measured according to Jefferson et al. 25) Glucoamylase assay. Glucoamylase activity was measured according to Iwano et al. 26) One unit of glucoamylase activity was defined as the amount that liberated 1 mg of glucose per h at 40 C from soluble starch. To calculate the glucoamylase yield, the specific activity of glaB-type glucoamylase was designated 550 unit/mg-protein.
27)

Results
Functional elements of the glaB promoter into the glaA promoter
Our previous report showed that 27-bp from À350 to À324 of the glaB promoter was most important for specific expression in SSF of A. oryzae. 18) According to the method of Minetoki et al., 19) introducing multiple copies of 27-bp fragments into the glaB promoter can lead to a greater increase in glaB promoter activity in SSF. Double-stranded 27-bp fragments with additional 5 0 -phosphorylated 2-bp were self-ligated in the same direction, and 11 blunted copies of the 27-bp fragments were added prior to the À350 bp in the glaB promoter to produce pNGB-27. pNGB-27 was introduced into an A. oryzae AON-2 strain as a single copy in the niaD locus selected by Southern blot analysis (data not shown). The GUS activity of the transformant showed about a 1.4-fold increase over that of the transformant with pNBGB in SSF (Fig. 1) . This shows that the length of 27-bp from À350 to À324 was too short for effective promoter expression in SSF. The optimum length required for improvement of glaB promoter activity was determined by introducing different sizes of the glaB functional elements into the heterologous promoter (glaA). 28) Fragments of 97-bp (À350 to À254), 62-bp (À350 to À289), and 27-bp (À350 to À324) in the glaB promoter were inserted between À206 and À205 of the glaA promoter (À1107 to À1) prior to the Region III recognized by the AmyR protein. 29, 30) The resulting plasmids, pNBGA-97, pNBGA-61, and pNBGA-27, were transformed into the AON-2 strain, and each one copy integrant at the niaD locus was selected by Southern blot analysis (data not shown). The chimeric glaA promoter with the 97-bp (À350 to À254) of the glaB promoter showed about a 24-fold increase in GUS production over that of the native glaA promoter in SSF (Fig. 2) . This suggests that the 97 bp (À350 to À254) of the glaB promoter is enough to improve the glaB promoter for effective gene expression in SSF.
Improvement of the glaB promoter by introducing multiple copies of 97-bp fragments
The 97-bp fragment (À350 to À254) of the glaB promoter should be useful for improvement of the glaB promoter by tandem repeat insertion. Two, four, and eight copies of 97-bp fragments were added to the glaB promoter (À350 to À1), and the resulting promoters were subcloned into pNBGB for GUS reporter assay in SSF. The resulting plasmids were introduced into the AON-2 strain, and one-copy integrants at the niaD locus were selected by Southern blot analysis for GUS reporter assay (data not shown). Introducing multiple copies of the 97-bp fragments clearly led to an increase in promoter activity in SSF (Fig. 3) . Especially, the improved glaB promoter with eight copies of 97-bp fragments showed about 31,273 units/mg-protein GUS production in SSF, and the promoter activity led to about a 4.6-fold increase over that of the glaB promoter (À350 to À1). This indicates that a length of 97-bp is enough to improve a promoter expressed in SSF of A. oryzae. The improved glaB promoter with eight copies of 97-bp fragments showed about a 3.4-fold increase in promoter 6,870±192
9,693±243
GUS activity (U/mg) activity over that of the glaB promoter (À350 to À1) in submerged fermentation using starch as sole carbon source.
Recombinant glucoamylase production using the improved glaB promoters with eight copies of 97-bp fragments
To investigate recombinant protein productivity with the improved glaB promoter, recombinant glucoamylase production with this promoter was done in SSF. The plasmids, pNB, pGNB, and pGNB-8, were transformed into AON-2 as a single copy at the niaD loci (data not shown). The transformant with pGNB produced 867 mg/kg-koji of glucoamylase, and showed about a 2.3-fold increase in glucoamylase production over that with pNB (Fig. 4) . On the other hand, the transformant with pGNB-8 produced 1524 mg/kg-koji of glucoamylase, and showed about a 4.1-fold increase in glucoamylase production over that with pNB. This shows that the improved promoter increases recombinant protein production in SSF of A. oryzae. -amylase and acid protease production was constant among the transformants with pNB, pGNB, and pGNB-8.
Discussion
This study showed improvement in the glaB promoter by introducing multiple copies of 97-bp functional elements for more recombinant protein production in SSF of A. oryzae. Eleven copies of 27-bp fragments in the glaB promoter were introduced into the promoter, but the resulting promoter activity showed only a 1.4-fold increase in SSF (Fig. 1) . The 97-bp fragment in the glaB promoter was essential to the increase in promoter activity in SSF through the introduction of three different size fragments into the heterologous promoter (glaA) (Fig. 2) . The introduction of eight copies of 97-bp fragments into the glaB promoter led to about a 4.6-fold increase in promoter activity in SSF (Fig. 3) , and the resulting promoter showed about a 4.1-fold increase in recombinant glucoamylase production (Fig. 4) . These data show that at least eight copies of 97-bp fragments in the glaB promoter clearly enhanced gene expression in SSF of A. oryzae.
SSF of A. oryzae has been employed in traditional Japanese food fermentation, and our new knowledge of SSF of A. oryzae leads to the construction of a Japanese original recombinant protein production system in A. oryzae. The glaB promoter is known to be specifi- cally expressed in SSF, 17) but it is not used for recombinant protein production in SSF of A. oryzae. Use of the glaB promoter should lead to construction of a novel recombinant protein production system in SSF of A. oryzae, and improvement of the glaB promoter should make it easier to produce a recombinant protein in SSF. The improved glaB promoter showed about 31,273 unit/mg of GUS production in SSF as single copy (Fig. 3) , and the recombinant glucoamylase reached about 1,524 mg/kg-koji production for 2 d with the improved promoter (Fig. 4) . The improved glaB promoter should be a useful tool for recombinant protein production in SSF of A. oryzae.
Previous deletion analysis of the glaB promoter showed that the 27-bp fragment (À350 to À324) in the glaB promoter was the most important one for specific gene expression in SSF of A. oryzae.
18) According to the method of Minetoki et al., 19) 11 copies of the 27-bp fragments were introduced into the glaB promoter in the same direction, but the resulting promoter resulted in only a 1.4-fold increase in GUS production in SSF (Fig. 1) . This shows that fragment size containing a cis element identified by promoter deletion analysis and gel mobility shift assay is not enough to improve promoter activity by the method of Minetoki et al. 19) The fragment size used for this method is important, and the 27-, 61-, and 97-bp fragments containing the cis element from À350 to À324 in the glaB promoter were introduced into a heterologous promoter (glaA). The glaA promoter was subjected to starch induction like the glaB promoter, and was repressed in SSF. 31) Insertion of various lengths of the glaB promoter into the glaA promoter should lead to drastic increases in the resulting promoter activity in SSF. Introduction of the 97-bp fragment led to a great increase in chimeric promoter activity in SSF of A. oryzae. Improvement of the glaB promoter with larger size fragments than 97-bp was not done, but it would not be effective because the 271-bp glaB promoter (À271 to À1) had no effect on high-level expression in SSF. 18) To improve a promoter of A. oryzae according to the method of Minetoki et al., 19) the best way is to introduce different sizes of functional fragments containing a cis element identified by promoter deletion analysis and gel mobility shift assay into a heterologous promoter. Why was 97-bp but not 27-bp essential for improvement of the glaB promoter? The 27-bp identified by promoter deletion analysis is essential for binding of a transcription regulatory factor. In eukaryotes, a set of general transcription factors containing RNA polymerase II is required for initiation of transcription from a gene promoter, and a transcriptional regulatory factor is required for transcriptional activation. In Schizosaccharomyces pombe, a mediator plays an important role in mediation between a transcription regulatory factor binding to a cis element and a set of general transcription factors binding to a TATA-box.
32) The function of the mediator in A. oryzae is unknown, but a length of 97-bp is essential for binding a complex of a transcriptional regulatory factor and a mediator.
Multiple copies of the agdA Region III fragments were introduced into heterologous promoters (glaA, 33) No. 8 AN, 33) and enoA 34) ), and the resulting promoter led to great increases in promoter activity. Punt et al. indicated that introduction of the upstream activating fragment of gpdA into the heterologous amdS promoter results in a 30-fold increase in promoter activity. 35) These improved promoters (glaA, agdA, and amdS) increase basal gene expression and lose carbon catabolite regulation. On the other hand, the improved glaB promoter with eight copies of the 97-bp fragments increased basal gene expression, but maintained carbon catabolite regulation. It is very interesting that insertion with multiple copies of these functional regions used for promoter improvement changes the profiles of basal gene expression and carbon catabolite regulation. In the near future, shuffling of identified fungal gene functional elements should enable the design of a novel promoter for efficient recombinant protein production in A. oryzae.
In a recent study, the promoter of the sterol 14-demethylase gene (CYP51) with natural mutation in Penicillium digitatum was reported. 36) Mutants of P. digitatum which were resistant to demethylation inhibitors had an additional five tandem repeats of the 126 bp CYP51 transcriptional enhancer in the CYP51 promoter region. The mutated promoter showed about a 100-fold increase in promoter activity. It is unknown how the copy number of the transcriptional enhancer increased. But introduction of multiple copies of about 100-bp enhancers into promoters which occur naturally and artificially should greatly increase promoter activity in Aspergillus and Penicillium species. There is great interest currently in improvement of artificial and natural fungal promoters by the introduction of enhancers as tandem repeats. Further work is required to identify various enhancers of A. oryzae genes. A library of A. oryzae enhancers should lead to artificial design of a novel promoter for recombinant protein production in any culture of A. oryzae.
